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ARTICLE
Ocean colour signature of climate change
Stephanie Dutkiewicz 1,2, Anna E. Hickman3, Oliver Jahn1, Stephanie Henson4, Claudie Beaulieu3,5 &
Erwan Monier 2,6
Monitoring changes in marine phytoplankton is important as they form the foundation
of the marine food web and are crucial in the carbon cycle. Often Chlorophyll-a (Chl-a) is
used to track changes in phytoplankton, since there are global, regular satellite-derived
estimates. However, satellite sensors do not measure Chl-a directly. Instead, Chl-a is
estimated from remote sensing reﬂectance (RRS): the ratio of upwelling radiance to the
downwelling irradiance at the ocean’s surface. Using a model, we show that RRS in the
blue-green spectrum is likely to have a stronger and earlier climate-change-driven signal
than Chl-a. This is because RRS has lower natural variability and integrates not only changes
to in-water Chl-a, but also alterations in other optically important constituents. Phytoplankton
community structure, which strongly affects ocean optics, is likely to show one of the
clearest and most rapid signatures of changes to the base of the marine ecosystem.
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Phytoplankton in the sunlit layer of the ocean are importantboth as the base of the marine food web, and so fuellingﬁsheries, and in regulating key biogeochemical processes
such as export of carbon to the deep ocean. Satellite ocean colour
measurements over the last two decades have allowed the
scientiﬁc community an unprecedented dataset to study phyto-
plankton on a global scale and at regular, frequent intervals.
Ocean colour satellite sensors measure the radiance at the top of
atmosphere over a range of wavelengths. After taking account of
the optically signiﬁcant constituents in the atmosphere (which
can include a substantial error)1, a key product of ocean colour is
remotely sensed reﬂectance (RRS), the ratio of the upwelling
radiance to the downwelling irradiance at the ocean surface. RRS
is the standard product provided by space agencies. Several
algorithms and quasi-analytical methods are used to deduce more
ecologically relevant quantities (such as Chl-a, the main pigment
utilized in photosynthesis) from the RRS measurements2–4. Such
ocean colour products have been used to explore trends in
ocean surface Chl-a5–7 as well as primary production8, suggesting
complex, but as yet limited, patterns of long-term change.
Numerical models provide a means to explore potential
future changes in phytoplankton due to anthropogenic climate
change. These models9–14 in general suggest a decrease in
globally integrated primary productivity driven by a reduction
in supply of macronutrients, though the predicted changes vary
in magnitude12,13, and some regions have increased productivity.
However, a key question remains: How long will it take to
detect an unambiguous signal of climate change in phytoplankton
populations? Modelling studies have been used to caution that
it will take many decades for signiﬁcant trends in Chl-a and
primary production to be detectable15,16. This is due to the
magnitude of the signal of change relative to the often-large
interannual-to-decadal variability in these quantities. Thus,
while satellite ocean colour products provide regular and global
coverage, even these data will require additional decades of
observations before the signal of climate change is obvious over
large regions of the ocean.
Moreover, the satellite ocean colour products of Chl-a and
primary production are still proxies (based on RRS measurements)
of the real quantities (as might be measured in situ). How are
other optically important water constituents predicted to alter
over the coming century and how do they together alter reﬂec-
tance and ocean colour, as observed by satellites? Put another
way: How does the colour of the ocean change?
Here, we use a unique ocean physics, biogeochemistry and
ecosystem model that explicitly includes a representation of the
ocean’s optical properties17 to explore how climate change is
manifested in ocean colour over the course of the 21st century.
Because of the inclusion of a radiative transfer component, the
model captures how light penetrates through and is scattered
back out of the ocean, and can therefore calculate RRS (ocean
colour). In this paper, we speciﬁcally address how strong the
climate change signal will be in ocean colour and the different
factors that affect it. We determine which optical property is
likely to respond most rapidly to climate change, and thus should
be the focus of efforts to detect robust climate-driven trends in
satellite ocean colour records. The model also allows for esti-
mating Chl-a from the model RRS in a similar way to the typical
real world ocean colour Chl-a product2. As such, we use the
model to consider the implications of using satellite-derived Chl-a
for monitoring climate trends.
Results
The present day and interannual variability. The current day
biogeochemical and ecosystem model ﬁelds have been validated
against and compare well to observations (see Methods, Supple-
mentary Figs. 1–4; also see previous papers using this
model13,14,17–19). Chl-a (Fig. 1a) has high values in subpolar
regions and along the equator where upwelling water supplies
nutrients to fuel the marine ecosystem as is found in the real
ocean (Fig. 1c). These regions are dominated by larger phyto-
plankton cells (Supplementary Fig. 5a) such as diatoms. Chl-a
is much lower in the subtropical gyres; here nutrient supplies
are low and pico-phytoplankton, with their high nutrient
afﬁnity, dominate.
A unique feature of this model is the explicit parameterization
of upwelling and downwelling irradiance, such that we can
calculate RRS (see Methods). In the model, RRS is resolved over
the visible spectrum from 400 to 700 nm in 25 nm bands. We
note that the model RRS does not have the uncertainties that
the real world RRS has due to the atmospheric correction1. The
model does not have the exact same wavebands as the ocean
colour satellites, therefore we interpolate the model RRS to the
same bands as the satellite measurements (Fig. 2, Supplementary
Fig. 2). The model captures the reversed patterns between blue
(443 nm) and green (555 nm) RRS between gyres and highly
productive regions. The model underestimates the blue RRS in the
subtropics where modelled Chl-a is likely too low relative to the
real ocean (Fig. 1, Supplementary Fig. 2), and the effects of
salinity on the ocean optics, not resolved in the model, may
become more important20. The model has noticeably higher
green (550 nm) RRS in the equatorial Atlantic and Indian Ocean
than the satellite measurements, but this is consistent with the
model over-estimating Chl-a relative to the satellite product in
this region (Fig. 1, Supplementary Fig. 2). These are also regions
of high cloud cover where the satellite product may be biased.
We construct a model ocean colour Chl-a product, similar
to that provided from an often used ocean colour algorithm2.
This proxy for Chl-a is derived from the model reﬂectance ﬁelds
and will be called derived Chl-a. This is a different property to
model actual Chl-a which is the sum of the dynamic Chl-a that
is explicitly resolved and is thus more equivalent to the Chl-a
that would be measured in situ. The derived Chl-a links the
model blue/green reﬂectance ratio to model actual Chl-a in a
manner equivalent to the algorithm that is often used in ocean
colour products in the real world2,19 (see Methods). This blue/
green ratio algorithm has co-variations with Chl-a, CDOM and
detrital matter intrinsically built into it19,21,22. This product
(Fig. 1b) is more appropriate to evaluate against real world
satellite-derived Chl-a (Fig. 1c, Supplementary Fig. 2) as it is
a more equivalent property19 and it captures the features of
the model actual Chl-a well.
Ocean ecosystems, and therefore ocean colour, are not static,
changing with the seasons and interannually (Fig. 1d–f, Supple-
mentary Fig. 3). The model (Fig. 1e) in general captures the
patterns of the satellite estimated variability (Fig. 1f), though
overestimates the interannual variability in higher latitudes,
where it also overestimates the mean (Supplementary Fig. 2). The
model Equatorial Paciﬁc has a narrower band of variability
around the equator than seen in the observations (Supplementary
Fig. 3), a discrepancy that shows up in both Chl-a and RRS. The
RRS variability is otherwise generally underestimated. We ﬁnd it
instructive to also examine the magnitude of the interannual
variability relative to the climatological mean composite (Fig. 3,
Supplementary Fig. 4). The model’s slightly lower value relative to
the observed median magnitude of this ratio in Chl-a (Fig. 3a) is
expected as the model does not capture all the sources of
variability (e.g. mesoscale features) found in the real ocean. The
current day relative magnitude of interannual variability of the
other optically important constituents (CDOM, detrital particles)
are predicted by the model to have similar values to Chl-a.
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However, the relative magnitude of the observed interannual
variability of RRS is lower (red symbols in Fig. 3b) than these
other variables. The model captures these lower ratios (though
underestimates the variability, as in Chl-a) over most of the
spectrum, but not at the high wavelength bands (Fig. 3b,
Supplementary Fig. 4). However, we note that the uncertainty in
RRS is higher at higher wavelength bands23.
Physical, biogeochemical and ecosystem response. The goal of
this paper is not to repeat a detailed discussion of the modelled
biogeochemical and ecological responses to climate change,
however we brieﬂy summarize the main features here. In the
business as usual scenario (similar to the IPCC RCP8.524),
the model marine ecosystem is perturbed from its present-day
state by the physical ocean changes associated with unchecked
anthropogenic emissions14,25. Over the course of the 21st century
mean global sea surface temperature (SST) increases by 3 °C,
there is increased stratiﬁcation and reduced mixing at the surface.
The meridional overturning circulation slows and shallows rela-
tive to current day conditions. These changes lead to a reduction
in the supply of macronutrients from depth. Sea-ice retreats.
The shifts in Chl-a (Fig. 4a) reﬂect multiple physical and
physiological changes. In many regions there is a decrease in Chl-a
and productivity due to reduction in macro-nutrient supply. In
polar regions a reduction in sea-ice leads to greater productivity as
more sunlight reaches the surface ocean. In other mid to high
latitude regions a complex combination of stratiﬁcation-induced
reduction of light limitation (impacting both growth rates and
photo-acclimation26), decreased nutrient supply, and increased
growth rates due to warmer temperatures, leads to a mixed pattern
of positive and negative responses13. In general, Chl-a changes in
the same direction as primary production, but subtle differences
suggest that alterations in Chl:C ratios also play a role. In the
model Chl:C ratios are driven by light, temperature, and nutrient
stress27. As in most climate change models11,13,14,28, larger
phytoplankton that are disadvantaged in lower nutrient conditions
decrease in biomass relatively more than smaller phytoplankton
(Supplementary Fig. 5b). Smaller phytoplankton and diazotrophs
increase their habitat range13,18. There is a signiﬁcant shift in the
total and relative abundances of the different phytoplankton types
resulting in alterations to the community structure, measured here
as a Bray–Curtis Dissimilarity index29 (Fig. 4b, see Methods).
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Fig. 1 Current day Chl-a and its interannual variability. Composite mean Chl-a (mg Chl m−3) for 1998–2015: a model actual; b model satellite-like derived
(using an algorithm and the model RRS,); c Ocean Colour Climate Change Initiative project (OC-CCI, v2) satellite derived. Interannual variability deﬁned
as the standard deviation of the annual mean composites (1998–2015): d model actual; e model satellite-like derived; f OC-CCI, v2 satellite derived.
White areas are regions where model resolution is too coarse to capture the smaller seas, or where there is persistent ice cover. Statistical comparison of
derived model and OC-CCI product are provided in Supplementary Figs. 1–3. Model actual Chl-a is the sum of the dynamic Chl-a for each phytoplankton
type that is explicitly resolved in the model. It is equivalent to the Chl-a that would be measured in situ. This is distinct to satellite-derived Chl-a which
is calculated via an algorithm derived from the reﬂected light measured by ocean colour satellite instruments
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Fig. 3 Relative magnitude of interannual variability. Global median of the ratio of the annual composite temporal standard deviation to the 18 year mean
composite for a satellite derived Chl-a (dChl), actual Chl-a (Chl), detrital matter (det) and CDOM; and for b remotely sensed reﬂectance. Blue indicates
model output, red for OC-CCI products, and black for the model interpolated to the OC-CCI wavebands. The OC-CCI reﬂectances are at 412, 443, 490,
510, 555, 670 nm. See Supplementary Fig. 4 for spatial patterns of relative magnitude or both model of OC-CCI products
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Fig. 2 Remotely sensed reﬂectance. Current day composite (1998–2015) for a model RRS interpolated to 443 nm, b observed RRS at 443 nm, c model RRS
interpolated to 555 nm, and d observed RRS at 555 nm. Units are sr−1. Observed ﬁelds are from the Ocean Colour Climate Change Initiative (OC-CCI)
project. White areas are regions where model resolution is too coarse to capture the smaller seas or regions of constant ice cover. Statistics of comparison
of model and all six observed wavebands are provided in Supplementary Figs. 1, 2
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Having established the main changes to the physics, biogeo-
chemistry and ecosystem in response to the climate perturbation,
and that they are consistent with previous studies, we now
explore the associated changes in the ocean colour response.
Optics and ocean colour response. We ﬁnd that the colour of the
ocean will change. Here we use the hue angle (α, see Methods) to
quantify true colour (Fig. 5a). This metric uses the RRS spectrum
together with the spectrum from the sensitivity of the human
eye30 to provide a value between 0° and 360°. Open ocean values
range between green (~100°) where there is high productivity to
blue (~230°) in the oligotrophic subtropical gyres (Fig. 5a). We
ﬁnd a change in the hue angle by up to 10° in some locations and
a decrease of up to 5° in others (Fig. 5b). We note that these are
relatively small shifts, unlikely to be easily registered by eye.
Increase in the hue angle can be interpreted as a shift to bluer
water, while a decrease suggests greener water. In general, the
pattern matches that of the change in Chl-a (Fig. 4a): bluer water
where there are decreases in Chl-a and greener waters where Chl-
a increases. These results can be understood by the changes seen
in the blue RRS (shown for 475 nm, Fig. 4c), which increases in
most regions where Chl-a decreases. Chl-a absorbs strongly in the
blue, such that a larger amount of blue light is reﬂected when
there is lower Chl-a. The reverse occurs for most regions where
Chl-a increases: increased blue reﬂectance and greener colour.
There is less impact of the changes in Chl-a in the green wave-
band (Fig. 4d). This strong impact of Chl-a concentrations on the
blue reﬂectance, but less on the green, is used by many algorithms
that determine Chl-a concentrations from space2 (see Methods).
Reﬂectance (and hence ocean colour) is determined by the
total amount of absorption (atot) and backscattering (bbtot) in the
water: RRS  bbtotatotþbbtot. Absorption of irradiance in any waveband
(λ) is the sum of the contribution of the main constituents (water
molecules, phytoplankton, CDOM and detrital matter):
atotðλÞ ¼ awðλÞ þ aphyðλÞ þ acdomðλÞ þ adetðλÞ ð1Þ
a Chl
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Fig. 4 Change between current day and end of the 21st century. a Difference in model actual Chl-a (mg Chl m−3) between 2085–2100 mean and the
current day (1998–2015) mean. b Change to phytoplankton community structure as deﬁned from Bray–Curtis dissimilarity index for community structure
averaged over 2085–2100 versus the present day community (1998–2015). 0 indicates no change, 1 indicates a completely new community. Difference in
model RRS 2085–2100 mean and the current day (1998–2015) mean for c 475 nm (blue) and d 550 nm (green). In all panels only areas with statistically
signiﬁcant differences between the two periods (p < 0.05) are shown. In addition, in c and d we only show regions which were ice free for most of the year
(i.e. open ocean where RRS was calculated) in the current day. The symbols (+,o) indicate two locations highlighted in Fig. 8
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Fig. 5 Hue angle. a Mean for 1998–2015, b difference in model 2085–2100
mean and the current day (1998–2015). In b only areas with a statistically
signiﬁcant differences between the two periods (p < 0.05) and which were
ice free for most of the year (i.e. open ocean where RRS was calculated) in
the current day are shown
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and backscatter:
bbtot λð Þ ¼ bbw λð Þ þ bbphy λð Þ þ bbdet λð Þ ð2Þ
In general, the lowest absorption (and hence the most amount
of light available for phytoplankton growth) occurs in the blue
and blue-green portions of the spectrum between the strong
absorption by CDOM and water31 (Fig. 6a, b).
The amount of each constituent relative to each other impacts
the ocean colour (i.e. the spectrum of light seen from satellite).
The source of CDOM and detritus are modelled to increase/
decrease with higher/lower productivity. Over the course of the
21st century, the change in the relative roles of CDOM and
detritus on absorption usually have the same sign as for Chl-a
(Fig. 7). However, there are many regions where there are
opposite responses or the relative change to each other are
inconsistent in magnitude. This is because processes other than
productivity impact the constituents differently. For example,
CDOM is bleached by sunlight32, and the combined lower
production and increased bleaching due to higher stratiﬁcation
decreases the relative importance of CDOM to the absorption of
irradiance in many regions (Fig. 7b). Larger phytoplankton cells
are modelled to produce relatively more particulate matter than
smaller cells, so as the community shifts to smaller cells we ﬁnd a
larger decrease in the importance of particulate detrital matter
relative to Chl-a in many locations (Fig. 7c). Chl:C ratios are also
altered by such changes in the community structure. Thus, in
different regions of the ocean various combinations of relative
changes occur depending on the local alterations to stratiﬁcation,
productivity, community structure and photo-acclimation, driv-
ing differing effects on reﬂectance. Here we have speciﬁcally
examined RRS at 475 nm, but other different effects also occur at
other wavebands and it is the combination of responses that leads
to the overall changes in ocean colour (Fig. 5).
To understand how the trends in the biogeochemistry, ecology
and optics, as simulated for the business as usual scenario, relate
to current observing capabilities, we ask: When will these changes
be unambiguous relative to natural interannual variability?
Biogeochemical and ecosystem trends and time of emergence.
We ﬁrst explore when the anthropogenic climate change signal
exceeds the natural variability in Chl-a. We calculate the linear
trend of Chl-a between 1995 and 2100 (Figs. 8a, c and 9a) using a
generalized least squares ﬁt (see Methods). In Fig. 9, we show only
regions with statistically signiﬁcant trends (p < 0.05). That the
patterns in the trends (Fig. 9a) are similar to the differences shown
in Fig. 4a, gives conﬁdence that a linear trend analysis is appro-
priate (note that Fig. 4a shows absolute differences and Fig. 9a
shows % trend, which magniﬁes the changes at lower Chl-a). The
North Atlantic shows a strong negative trend (less than −0.5%/
year) and the North Paciﬁc shows a weaker negative trend
(alterations in limiting nutrient lead to a few regions showing a
positive trend13). However, we ﬁnd that many regions of the ocean
do not have a statistically signiﬁcant trend over the 21st century.
The time when the signal of climate change emerges from natural
variability can be deﬁned as the time of emergence33–35. Here we
ask when the trend will be larger than the interannual variability of
the present day (1998–2015). We deﬁne the natural variability as
twice the standard deviation (STD) of the annual means at any grid
location, such that the time of emergence (ToE) is:
ToE ¼ 2  STD
linear trend
ð3Þ
Only a few regions will show an unambiguous climate
change signal in Chl-a before 2030 and many regions will not
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Fig. 6 Absorption and backscatter. Components of total absorption (a, b) and backscattering (c, d) for two locations: middle of the oligotrophic subtropical
gyre (circle in Fig. 4) (a, c) and the productive subpolar gyre in the North Atlantic (b, d). Units are m−1. Solid lines are for current day (15 year mean) and
dashed lines are for the mean of the last 15 years of the 21st century. Black is for total, purple for water, red for coloured dissolved organic matter (CDOM),
light blue for phytoplankton, and dark blue for detrital particles
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show a signal by 2100 (white areas in Fig. 9c). We can summarize
these results by asking: What is the percentage of the ocean
area showing a signiﬁcant trend at different intervals over the
21st century? This analysis (Fig. 10b) suggests that <5% of
the ocean has a signiﬁcant trend in Chl-a by 2030, and only
31% by 2100. The high interannual variability in Chl-a (Fig. 3a)
results in few regions having a sufﬁciently strong signal for
the trend to be detectable (a similar conclusion was found
in a previous study15). However, does this mean that there are
only small changes occurring in the ocean ecosystem and
biogeochemistry over the course of the 21st century in this
scenario? We consider other optically important constituents of
the water.
Our model suggests that detrital matter will show an even
slower and less obvious signal than Chl-a (Fig. 10c), but that
CDOM will have a stronger signal (Fig. 10d) with 36% of the
ocean showing a signiﬁcant trend by 2100. The increased
bleaching of CDOM in the more stratiﬁed surface waters leads
to this stronger signal relative to Chl-a.
Changes in phytoplankton community composition (as
determined by Bray–Curtis Dissimilarity, Fig. 4b) have stronger
and more signiﬁcant trends over the course of the century
(Fig. 10e) than any of the other metrics that we have considered
to this point. A total of 50% of the ocean shows a signal of change
by 2100, and even by 2040, 21% of the ocean has an unambiguous
signal. In this model the community structure is determined by
biogeochemical functional groups; in which differences between
the groups are set by their nutrient requirements and roles in
biogeochemical cycles (see Methods). These different functional
groups also have distinct accessory pigments that lead to different
absorption36,37 and scattering spectra36,38. Thus, the unique
combination of phytoplankton that coexist (the community) at
any point in the ocean has a strong impact on the optics of the
ocean17,19,39,40 and changes to the communities will have an
important optical signal.
Though these ﬁndings are informative about potential changes
in the oceans, these are not as useful from the perspective of the
properties that ocean colour satellites actually measure. Each of
these quantities, i.e. actual Chl-a, CDOM, detritus and commu-
nity composition, are quantities that can only be measured in situ.
A more practical question would be: What is the percentage of the
ocean area showing a signiﬁcant trend in globally observable
quantities at different intervals over the 21st century?
Optics and ocean colour trends and time of emergence. We
consider how the model RRS manifests trends and time of
emergence of the unambiguous climate change signal (Figs. 8b, d,
9b, d and 10 g). We ﬁnd that the reﬂectance trend in the blue
(475 nm) waveband (Fig. 9b) is mostly anti-correlated with the
Chl-a trends (Fig. 9a) as already seen in the difference plots
(Fig. 4). However, in some regions (e.g. central North Atlantic
gyre) other optical constituents become more important and anti-
correlation is not as clear (see e.g. Fig. 8a, b). In regions of the
largest Chl-a trends, the 475 nm (blue) waveband RRS trend is
>0.1%/year (or 1%/decade).
Globally, all wavebands of the model reﬂectance (Fig. 10g) have
a stronger trend than the individual optically important water
constituents (Fig. 10b–d) other than community structure
changes. However, given that the model underestimates the
natural variability especially in the high wavebands (Fig. 3b), we
focus only on our results for the lower (<600 nm) wavelength
bands.
The strongest signal is in the blue-green range (in our model
the two 25 nm wavebands centred at 475 and 500 nm). These
wavebands show a clear signal over 50% of the ocean by the end
of the century. The strongest signal of trend was found over the
wavelengths spanning from 487 to 512 nm, with 63% of the ocean
providing a signiﬁcant signal by 2100. These are the wavebands
where there is the least interannual variability in the model
(Fig. 3b, Supplementary Fig. 4). This matches what is found in the
OC-CCI product where interannual variability is lowest in the
490 and 510 nm wavebands. These wavebands also lie on the edge
of the wave-space between the strong absorption by CDOM in
the bluest bands (Fig. 6) and where the impact of absorption by
water starts to become more signiﬁcant in the higher wavebands.
These bands are likely to be most sensitive to changes in
community composition. The low interannual variability together
with sensitivity to changes in all water constituents suggest that
these wavebands in the real world satellite sensors (490 and 510
nm) might be the ﬁrst measurements to detect climate change
signal in the marine ecosystem.
The metric of true colour, the hue angle, which is composed of
the full visible reﬂectance spectra does not show a particularly
strong signal of change (Fig. 10f). Where some of the reﬂectance
a aphy
atot
acdom
atot
adet
atot
c
b
0–0.1 0.10.05–0.05
Fig. 7 Change in contribution of optically important constituents. Change
between 2085–2100 and 1998–2015 of a aphy/atot; b acdom/atot; c adet/atot
at 475 nm. Absorption is indicated by a: atot refers to total absorption, aphy
to the phytoplankton component of absorption, acdom to the dissolved
organic matter component, and adet to the detrital particle component. Only
regions with statistically signiﬁcant differences (p < 0.05) between the two
sample periods are shown. In addition, we only show regions that were ice
free for most of the year
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bands do not show a strong trend, they will dampen the signal of
the change in true colour. While surface ocean colour harbours
important information on the ocean ecological and biogeochem-
ical response to climate change our results indicate that it is
necessary to resolve blue-green bands (nominally 467–510 nm) to
obtain the most sensitive indicator. This is not due to overall
changes in Chl-a per se but rather due to combined changes in
optical constituents, and particularly phytoplankton community
structure.
Consequences for satellite-derived Chl-a. We further ask how
the shifts in relative importance of different constituents will
affect ocean colour products (speciﬁcally Chl-a) that are derived
from these reﬂectance measurements. A particular concern is that
the algorithm coefﬁcients used for the contemporary ocean may
not generate accurate Chl-a estimates for an optically different
future ocean.
We explore how the model-derived Chl-a and actual model Chl-
a differ over the course of the 21st century (Fig. 8a, c). In general,
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Fig. 8 Time series of changes in two locations. a, b are in the North Atlantic, indicated by circle in Fig. 4. c, d are in North Paciﬁc, indicated by cross in Fig. 4.
a and c show the changes in model actual Chl-a (black) and model Chl-a product derived from reﬂectance ratio (red); b, d show changes in RRS for 475 nm
(dark blue) and 550 nm (light blue). Straight solid lines indicate the linear trend using generalized least squares (GLS), the dashed horizontal lines indicate
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ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08457-x
8 NATURE COMMUNICATIONS |          (2019) 10:578 | https://doi.org/10.1038/s41467-019-08457-x | www.nature.com/naturecommunications
the trends in the two have the same sign, but in over 13% of the
ocean the trend in derived Chl-a is under-estimated relative to the
trend in actual Chl-a (e.g. Fig. 8a) and in 15% it is over-estimated.
Note that only 28% of the ocean has a statistically signiﬁcant trend
in the model-derived Chl-a. Thus, the changes in the relative
importance of the different constituents suggests that the algorithms
developed for satellite derived Chl-a for the present day will not
necessarily be valid over the course of the 21st century. This
reduced ability to capture trends successfully, as well as differences
in the variability in the derived product in some locations (see e.g.
Fig. 8c), also leads to the derived Chl-a having an even smaller
signal of change and fewer regions showing statistically signiﬁcant
long-term trends than the model actual Chl-a (Fig. 10a).
We note that there is a continuation of algorithm
development41,42, with current products often using a blend of
algorithm types depending on the region or water optical type
(see e.g. the NASA Reprocessing 2014.0, and OC-CCI V3 release).
However, algorithms based on reﬂectance ratios still use current
day datasets to ﬁt coefﬁcients. We suggest that algorithm
coefﬁcients will need to be continuously adjusted based on
subsets of newer in situ measurements as the optical properties of
the ocean alter. On the other hand, there are also developments in
semi-empirical inversion algorithms3,4 that also estimate the
contributions of CDOM, particle backscattering, as well as Chl-a.
As such, these techniques may be less affected by the changing
relative importance of the different water constituents.
Uniqueness and caveats of the model. The results presented in
this manuscript must be interpreted carefully, i.e. in the context of
the ocean ecosystem and optical models simpliﬁed representation
of the real world. Though relatively complex, the model still has
only a limited number of optically different plankton species and
does not include several important optical constituents (e.g.
viruses, minerals36) or the effects of salinity20 that could impact
the accuracy of the reﬂectance and also the ability to capture the
natural interannual variability. The parameterization of CDOM
and detrital matter is still simplistic, and we caution that the
model cannot yet be used to make deﬁnitive comments on these
changes, but can provide a unique chance to explore the potential
alterations. The patterns and magnitudes of Chl-a and RRS match
satellite products (Figs. 1 and 2, Supplementary Figs. 1, 2), and
the relative magnitude of interannual variability is also captured
(Fig. 3, Supplementary Fig. 4). However, there are discrepancies,
with the model overestimating Chl-a in high latitudes and sug-
gesting a much more limited region of variability in the Equa-
torial Paciﬁc than observed. The interannual variability of RRS at
higher wavebands is also underestimated. These discrepencies
suggests that the model is still missing important processes and
constituents that affect variability. The model has relatively coarse
(25 nm) wavebands, which differ in size and spacing from historic
and current satellite sensors. Thus, the model can only provide
broad estimates of the wavelengths, and cannot in its current
form suggest bandwidths, that will encompass the strongest long
term change signals. However, despite these caveats, the model
provides a unique opportunity to investigate trends in ocean
colour over the 21st century, and identify which signals will have
the strongest response to anthropogenic climate change. Very few
models currently include a radiative transfer component or
simulate products such as reﬂectance17,43–45, and no model with
these capabilities has looked at a climate change scenario.
Discussion
We use a model that includes ocean physics, biogeochemistry
and ecosystem components, plus an explicit representation of
the water optical properties and radiative transfer to consider
the ocean colour signature of climate change. We consider a
business-as-usual (similar to IPCC RCP8.5) scenario of green-
house gas emissions over the course of the 21st Century, which
leads to substantial changes to the physics, biogeochemistry
and ecology of the ocean13,14,18. We ask: How do the colour and
optical nature of the ocean respond to climate change, and how
long will it take for an unambiguous signal of climate change to
emerge in ocean colour properties?
We ﬁnd that the most widely used indicator of marine phy-
toplankton, Chl-a, does not evince rapidly detectable long-term
trends, due to large natural variability. Instead, our study suggests
that individual wavebands of colour (here the RRS) have a more
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Fig. 10 Percent ocean area with signiﬁcant trend. The amount of open ocean area that has statistically signiﬁcant trend (p < 0.05) since 1995 with 5-year
increments. a Satellite-like derived Chl-a is the blue/green reﬂectance ratio Chl-a product calculated with an OC4-like algorithm, b actual Chl-a is the sum
of the 8 dynamically changing phytoplankton which contribute to total Chl-a (as might be measured in situ); c detritus is the non-living particulate organic
pool, d CDOM is the coloured dissolved organic matter, e dis refers to Bray–Curtis Dissimilarity index, and is a measure of the changes to the
phytoplankton community structure; f hue refers to the hue angle, α, a metric of true colour; g the remotely sensed reﬂectance in the visible spectrum, in 13
wavebands
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readily detectable climate change trend, over a greater proportion
of the ocean, than the hue angle, Chl-a, CDOM or detrital matter.
For instance, RRS centred at 500 nm has a signiﬁcant trend by
2100 over 63% of the ocean, compared to only 31% of the ocean
for Chl-a. Reﬂectance has lower natural variability than Chl-a and
other in-water properties (Fig. 3). However, RRS also integrates
the alterations of all the optically important constituents. These
two aspects lead reﬂectance to be a more sensitive indicator of
change than any single constituent by itself. Changes to reﬂec-
tance might provide the earliest alert from ocean colour satellites
of climate change impacts on the bulk marine ecosystem. How-
ever, the precision and drift in ocean colour sensors will need to
be sufﬁciently low to capture these signals (trends generally <1%
per decade).
Though trends in RRS will not necessarily identify speciﬁc
changes (e.g. change in CDOM versus community structure),
they will indicate that there are ecosystem-level alterations taking
place. Community structure changes impact the water optics
since phytoplankton types absorb and scatter light differently to
one another36. Though more difﬁcult to monitor from space
(though see IOCCG report 1546), our study suggests that changes
in phytoplankton community structure will have a stronger
climate-change-driven signal over the course of the coming
century than Chl-a. Sustaining time series measurements that
include information on taxonomic or functional group biomass is
therefore highly desirable, as is the continued improvement in
our ability to detect phytoplankton diversity from space39,40,46,47.
Changes in the types of phytoplankton in any location could have
dramatic impacts on higher trophic levels if grazers and their
predators cannot switch to the new community.
We ﬁnd that the optically important water constituents do not
all alter in the same manner. For instance, CDOM is increasingly
bleached with higher stratiﬁcation and community shifts alter
the relative amount of detrital matter. The shifts in the relative
importance of the optical constituents alter the spectral makeup
of the water leaving irradiance and the ocean colour. Such a
change will pose a problem to any of the ocean colour products
that utilize in situ knowledge of the ocean’s current optical make
up. We show that Chl-a derived from RRS with a reﬂectance
ratio algorithm developed for the current day does not capture
the correct trends over the course of the 21st century. New
algorithm development need to keep the ocean’s altering optical
properties in mind. Shifts in optical properties should be taken
into account when studying trends in Chl-a and productivity in
the real ocean, even in the near term. Such studies might consider
time-varying algorithms. Techniques that separately estimate the
different water constituents4,42 may provide a better avenue for
detecting trends.
There is considerable effort expended to determine the best
spectral bands for satellite sensors40,48, and numerical models are
starting to be used to explore aspects of band selection for future
missions (e.g. PACE)43. We suggest that the choice of bandwidths
for future satellite sensors should also include estimates of the
strength of trends they will capture. Our work identiﬁes 467–512
nm as promising from this aspect. Current and historic sensors
(e.g. SeaWiFS, MODIS, VIIRS, MERIS) have all included wave-
bands around 490 nm and we suggest that it is imperative to
maintain a similar band in future missions for the earliest sig-
natures of marine ecosystem changes. Our results also suggest
that including sufﬁcient bands to detect different communities
(e.g. hyperspectral) and those that will help separate signals of
CDOM (e.g. ultra-violet) will be important for monitoring eco-
system changes (such bands are planned for the PACE mission).
The estimates of bulk ocean phytoplankton, such as Chl-a,
commonly used in assessing the inﬂuence of both natural varia-
bility and climate change on marine ecosystems mask more
nuanced changes to the community structure and in turn their
impact on other optically important constituents of the ocean.
Although overall ecosystem productivity may change more
slowly, relatively rapid changes to phytoplankton community
structure may have signiﬁcant knock-on effects for the fecundity
and composition of the local higher trophic level community.
Our results thus suggest several focus areas important for
monitoring the response of ocean productivity to climate
change: maintaining ocean colour sensor compatibility and long
term stability, particularly in the 490 nm waveband; maintaining
long-term in situ time-series of plankton community, e.g. the
Continuous Plankton Recorder survey and repeat stations (e.g.
HOT, BATS); reducing uncertainties in satellite-derived phyto-
plankton community structure estimates.
Methods
The numerical model. We use the biogeochemical/ecosystem/optical numerical
model of ref. 17 coupled to the MIT Integrated Global System Model
(IGSM13,14,18,25,49–53), an integrated assessment model that links an Earth system
model of intermediate complexity to a human activity model. We provide a brief
description here, including the pertinent features, but refer the reader to the above
cited papers for more details, equations, parameter values and evaluation.
The marine biogeochemical component resolves the cycling of carbon,
phosphorus, nitrogen, silica, iron, and oxygen through inorganic, living, dissolved
and particulate organic phases. The ecosystem component resolves 8
phytoplankton types (diatoms, coccolithophores, pico-eukaryotes, Synechococcus,
high and low light Prochlorococcus, Trichodesmium and unicellular diazotrophs)
and two grazers. The phytoplankton types differ in the nutrients they require (e.g.
diatoms require silica), maximum growth rate, nutrient half saturation constants,
sinking rates, and palatability to grazers. The phytoplankton also differ in their
spectral absorption and scattering characteristics (see Fig. 1 in ref. 17) and
maximum Chl-a:C ratio. Chl-a:C varies as a function of the light, temperature and
nutrient environment27.
The model includes explicit radiative transfer of spectral irradiance in 25 nm
bands between 400 and 700 nm. The three stream (downward direct, Ed, downward
diffuse, Es, and upwelling, Eu) model follows previous studies54–56, though here it is
reduced to a tri-diagonal system that is solved explicitly17. The model simulates the
spectral absorption and scattering properties of water molecules, the 8
phytoplankton types, detritus and coloured dissolved organic matter (CDOM).
Irradiance just below the surface of the ocean (direct, Ed0, and diffuse, Es0,
downward) is provided by the Ocean-Atmosphere Spectral Irradiance Model
(OASIM56,57). See ref. 17 for more details.
The marine biogeochemical and biological tracers are transported and mixed by
the MIT general circulation model (MITgcm58), the three-dimensional ocean
component of the IGSM. The ocean component has a 2° × 2.5° resolution in the
horizontal, and twenty-two layers in the vertical, ranging from 10 m at the surface
to 500 m thick at depth13,14,18,52. The Earth system model in the IGSM also
includes a simpliﬁed representation of atmospheric dynamics, physics and
chemistry, along with terrestrial water, energy and ecosystem processes, and a full
carbon cycle49,52,53. The ocean physics displays a realistic year-to-year variability in
surface temperature and produces interannual variability (e.g. ENSO) with
frequency, seasonality, magnitude and patterns in general agreement with
observations52,53.
In this study, because of the high computational demand of the biogeochemical/
ecosystem/optical numerical model, we use a single climate simulation from an
ensemble of perturbed physics (climate sensitivity), perturbed initial conditions,
and varied emissions scenarios. We focus on the climate simulation with a medium
climate sensitivity (3.0 °C) under a business-as-usual scenario similar to the
Representative Concentration Pathway 8.5 (RCP8.5) used in the Coupled Model
Intercomparison Project 5 (CMIP5)24. The coupled system is spun up for 2000
years (using 1860 conditions) before simulating 1860 to 2100 changes. Observed
concentrations of greenhouse gases, ozone and aerosols, including volcanic
stratospheric aerosols, as well as solar irradiance are used to force the IGSM from
1860 to 2000, and 21st century climate simulations are driven by anthropogenic
emissions simulated by the human activity model.
Nutrient distributions were initialized from results from previous simulations,
though the results presented here were not sensitive to these initial conditions. The
ecosystem was forced with the physical ﬁelds from the Earth System Model for the
pre-industrial control and run for 50 years to allow the phytoplankton community
and the upper ocean biogeochemistry to establish a quasi-equilibrium. A repeating
seasonal cycle was quickly reached and there was only a small biogeochemical drift
associated with upwelling of deep water. The several thousand years of integration
needed to adjust the deep ocean was computationally unfeasible with the full
ecosystem model. After the 50-year spin-up, the transient run from 1860 to
2100 was performed. A second simulation was conducted with no increase in
greenhouse gas emissions. This control simulation showed that there were no
signiﬁcant drifts in the ecological or optical properties discussed in this study.
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The surface spectral irradiance was provided by OASIM56,57 products, and the
monthly surface iron dust ﬂuxes were supplied by an atmospheric transport
model59. These latter two ﬁelds were climatological means and did not change in
the simulations described here. Though the impact of changes in light and dust are
likely to be important in the future, they are beyond the scope of this paper.
Model output of remotely sensed reﬂectance. Importantly for this paper, the
numerical model provides spectral surface upwelling irradiance: output that is
similar to measurements made by ocean colour satellites. Only a few biogeochemical/
ecosystem models have the ability to capture this diagnostic17,43,45, and until now
such diagnostics have not been part of a climate change simulation. We follow the
procedure as discussed in ref. 19 to calculate RRS. We calculate model reﬂectance for
each waveband as the upwelling just below the surface (Eu) divided by the total
downward (direct and diffuse) irradiance also just below the surface (as provided by
OASIM): R λ; 0ð Þ ¼ EuðλÞEd0 λð ÞþEs0 λð Þ. We ﬁrst convert model subsurface irradiance
reﬂectance to remotely sensed reﬂectance just below the surface using a bidirectional
function Q: RRS λ; 0
ð Þ ¼ R λ;0ð ÞQ . The bidirectional function Q has values between 3
and 5 sr60 and depends on several variables, including inherent optical properties of
the water, wavelength, and solar zenith angles60,61. Here for simplicity we assume
that Q= 3 sr (as done in refs. 19,43). Secondly, we convert to above surface remotely
sensed reﬂectance using the formula of Lee et al.62: RRS λ; 0
þð Þ ¼ 0:53RRS λ; 0ð Þ11:7RRS λ; 0ð Þð Þ.
Hereafter we will refer to this quantity as RRS which has units of sr−1 and is
equivalent to the RRS provided by ocean colour satellite databases.
Deriving Chl-a product from remotely sensed reﬂectance. The ocean colour
Chl-a product that is most frequently used is based on the blue/green reﬂectance
ratio (e.g. NASA OC4 algorithm for SeaWiFS and OC-CCI, version2). This product
uses the fact that phytoplankton absorb more in the blue range of the light spec-
trum than the green. The ratio of the amount of blue to green light reﬂected at the
ocean surface at any location therefore supplies information on the concentration
of Chl-a. In particular, a 4th order polynomial can be constructed to estimate Chl-a
from measured blue/green reﬂectance ratios2:
chld ¼ 10a0þa1Xþa2X
2þa3X3þa4X4 ð4Þ
Here X ¼ log RRSB=RRSGð Þ, where RRSB is blue reﬂectance and RRSG is the
reﬂectance in the green range. Typically, in the real world, the values of coefﬁcients
a0 to a4 are found using datasets of coincident in situ radiometric and Chl-a
measurements. This empirical algorithm is then used globally with satellite
remotely sensed reﬂectance. Our recent study19 shows that this method can also be
used with model RRS output, creating a credible ocean colour like Chl-a product.
We follow their approach, ﬁnding the coefﬁcients using the model output for the
current day, subsampled in space and time as is currently available for the real
ocean in situ measurements63. RRSB is the blue reﬂectance (450 nm, 475 nm, or 500
nm, whichever is largest) and RRSG is the green reﬂectance (550 nm).
We note that there is considerable effort to improve the derived Chl-a
algorithms in the ocean colour community41,42. Newer Chl-a products from NASA
and OC-CCI use different algorithms in different regions of the ocean (e.g. low/
high Chl-a or optically different provinces). Here, for simplicity we have focused on
the simpler blue/green ratio OC4 algorithm. However, there are other approaches
(e.g. semi-analytical inversion)3,4 that attempt to more mechanistically estimate not
only Chl-a concentration, but other constituents such as CDOM. We believe that
exploring whether this approach will allow climate change trends to be more
rapidly or robustly detected will be a promising avenue for future study.
Model evaluation. The ecosystem model has been evaluated in several recent
papers13,14,17–19. Here we additionally show how the model derived Chl-a and
remotely sensed reﬂectance (RRS) compares favourably to the Ocean Colour Cli-
mate Change Initiative project (OC-CCI, https://www.oceancolour.org/) products
(Figs. 1–3, Supplementary Figs. 1–4). We compare mean composites (and the
interannual variability of these composites) over 1998 to 2015. Composites are
derived from all monthly means where there are satellite measurements. Thus for
instance, high latitudes only have input for months where there is sufﬁcient light
and some equatorial regions miss months when there are too many clouds. Model
composites are derived with the same missing months to match the observations.
The model internal interannual variability does not match the real world (i.e. El
Ninos do not occur in the same years), thus we compare interannual variability in
terms of a temporal standard deviation of annual composites from 1998 to 2015
(Fig. 1, Supplementary Fig. 3). To evaluate the skill of the model, we compare to
satellite observations, which constitute only an estimate of true Chl-a, and RRS with
potential uncertainties due to atmospheric corrections1. It must also be noted that
the potential presence of discontinuities due to merging measurements from dif-
ferent sensors in the satellite record may also bias comparison with the model64.
Indeed, the model does not contain such discontinuities and measures of agree-
ment between the model and observations, such as correlation and relative bias
(Supplementary Figs. 1–4), may underestimate how the model captures central
tendency and interannual variability in the observations.
We show model actual and model satellite-like-derived Chl-a relative to the OC-
CCI-derived Chl-a product (Fig. 1). The model-derived Chl-a (Fig. 1b) closely
captures the actual Chl-a (Fig. 1a), though slightly overestimates the equatorial Chl-
a. Comparing the model derived Chl-a to the OC-CCI product (Fig. 1,
Supplementary Fig. 2), we ﬁnd that the model captures the patterns of high and low
Chl-a values between upwelling high latitude, equatorial and nutrient limited
subtropical zones. The model has Chl-a too high relative to the OC-CCI product in
high latitudes (sometimes by a factor of 2 or more), and there are some patches
of the subtropical gyres that are too low. Regions of the equatorial Atlantic and
Indian oceans are too high in the model. The region of high Chl-a in the equatorial
Paciﬁc is narrower in the model than the observations. Some additional regions of
high productivity are not captured in the model, especially along coastlines where
the model resolution is too coarse to capture the important coastal physics. The
model also does not capture the polar regions well, either in the physics or sea-ice
extent and we do not adequately parameterize sea-ice and sea-ice edge
phytoplankton communities. The model also captures the patterns of interannual
variability (Fig. 1e, f, Supplementary Fig. 3), but does overestimate it in regions
where it also overestimates the 18 year mean composite. Particularly noticeable is
that the high variability in the equatorial Paciﬁc is shifted relative to the
observations, suggesting the physical manifestation of the El Nino/La Nina response
is slightly misplaced in the Earth System Model (unsurprisingly given the too
narrow upwelling band as seen in the Chl-a composite). The model also does a good
job at capturing the patterns of the ratio of the interannual variability to the 18-year
composite (Supplementary Fig. 4), though overestimates in the Equatorial Paciﬁc
(where there is a mismatch in the physical manifestation of El Nino/La Nina), but
otherwise has a low bias elsewhere. This latter is expected as we do not capture all
the sources of variability (e.g. mesoscale features) found in the real ocean.
We further evaluate the model RRS (Fig. 2, Supplementary Figs. 1–4) in a similar
manner to Chl-a. The model RRS are linearly interpolated from the 25 nm bands to
the same bands as the OC-CCI product. The model captures the reversed patterns
between blue (412,443 nm) and green (555 nm) RRS between gyres and highly
productive regions. Several of the model biases reﬂect the biases seen in the Chl-a:
underestimation of the blue band in the subtropics where modelled Chl-a is too low
relative to the real ocean and higher green RRS in the equatorial Atlantic and
Indian Ocean than the satellite measurements where the model overestimates Chl-a
relative to the satellite product (Fig. 1, Supplementary Fig. 2). Additionally, the
wavebands all show discrepancies in the Equatorial Paciﬁc where the modelled
Chl-a is too narrowly conﬁned to the equator. The effect of salinity on RRS is
not captured in the model, likely leading to additional discrepancies especially in
the low latitudes where effects of salinity become more important20. Some
equatorial regions (especially the Atlantic) also have high cloud cover and, in
such regions, the satellite product may be biased. Correlations between model and
OC-CCI (Supplementary Fig. 1) are best for the low and high wavebands, and
worst for the blue-green (490 and 510). These latter are the wavebands where the
reversal of the patterns of high/low RRS occur (see Supplementary Fig. 2) and
are thus most difﬁcult to capture correctly. For the same reason, these are the
wavebands where the linear interpolation from the model bands to those of the
OC-CCI products are most problematic. In general, the model has a low bias
(Supplementary Fig. 3) for the interannual variability in RRS, with the most
noticeable exception in the equatorial Paciﬁc where the Chl-a mismatch bias
occurs. The model also captures the patterns of the ratio of the interannual
variability to the 18-year mean composite (Supplementary Fig. 4). The major
exception, again, is the equatorial Paciﬁc where we have already noted the
mismatch in placement of the interannual variability in Chl-a. The model is biased
low in most other regions. However, the model does capture the lower ratio of
interannual variability relative to the mean in the 490 and 510 nm than the other
bands (Fig. 3, Supplementary Fig. 4).
True colour classiﬁcation. We use the RRS to classify the true colour (the colour of
light from the ocean which our eyes might capture) of the model ocean. Colour can
be represented in terms of the three primary colours: blue, green and red. The
sensitivity of the human eye to these primaries can be given by the colour matching
functions30. We use these functions to convert the light spectrum from the ocean
into three chromatic coordinates. The hue angle is a metric that compresses the
spectrum in these three chromatic coordinates into a single value. Following van
der Woerd and Wernard65 we represent the three tristimulus values (X,Y,Z) in
terms of the RRS spectrum:
X ¼ I
X700
i¼400 RRS λð Þx λð ÞΔλ ð5Þ
Y ¼ I
X700
i¼400 RRS λð Þy λð ÞΔλ ð6Þ
Z ¼ I
X700
i¼400 RRS λð Þz λð ÞΔλ ð7Þ
where illumination I is taken as unity and x λð Þ, y λð Þ, z λð Þ are the colour
matching functions, and λ is the wavelength at the middle of the waveband Δλ. We
then express two coordinates (x,y) as: x ¼ XXþYþZ, y ¼ YXþYþZ.
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The hue angle is deﬁned relative to white xw ¼ yw ¼ 1=3ð Þ as:
α ¼ arctan y  yw; x  xwð Þmodulus 2π ð8Þ
For the ﬁgures and discussion here we convert from radians to degrees. Typical
ocean values of α go from about 40° for turbid brown waters in estuaries to over
220° in oligotrophic gyres65.
Changes in phytoplankton community structure. As a metric of changes in
community structure we use the Bray–Curtis Dissimilarity index29. Here we deﬁne
the index Ctit0 at time i (ti) as:
Ctit0 ¼ 1
2
Pj¼n
j¼1 minðBjt0 ;Bjti ÞPj¼n
j¼1 Bjt0 þ
Pj¼n
j¼1 Bjti
ð9Þ
Where Bj is the biomass of phytoplankton functional type j, t0 is the mean from
1998 to 2018. The time period for ti is chosen based on the question to be
addressed. For Fig. 4b, ti is a 15-year mean 2085–2100. To calculate trends, ToE,
and provide output for Fig. 10e, we used annual average biomass for each year to
construct yearly indices from 1995 to 2100. If there is no change in the community
structure, the index will be 0. If there is a completely new community structure (i.e.
no biomass of any of the original types), the index is 1. This index is calculated for
each grid cell in the model.
Trend analysis. Given the strong autocorrelation of the residuals from an ordinary
least squares ﬁt, we instead used a generalized least squares ﬁt66,67 to ﬁnd the
trends in the different components. We used the R68 function gls using annual
means of the different ﬁelds from 1995 to 2100.
Code availability. The MITgcm model code is available through [https://mitgcm.
org], code modiﬁcations speciﬁc to this simulations are available on Harvard
dataverse: [https://doi.org/10.7910/DVN/UE8OS1].
Data availability
The model output used for this study are available through Harvard dataverse:
[https://doi.org/10.7910/DVN/08OJUV].
Received: 29 January 2018 Accepted: 14 January 2019
References
1. IOCCG. Atmospheric Correction for Remotely-Sensed Ocean-Colour Products.
(ed. Wang, M.), Reports of the International Ocean-Colour Coordinating
Group, No.10 (IOCCG, Dartmouth, 2010) .
2. O’Reilly, J. E. et al. SeaWiFS Postlaunch Calibration and Validation Analyses,
Part 3. NASA Tech. Memo. 2000-206892, Vol. 11 (eds. Hooker, S. B. &
Firestone, E.R.) (NASA Goddard Space Flight, 2001).
3. Maritorena, S., Siegel, D. A. & Peterson, A. Optimization of a semi-analytical
ocean color model for global scale applications. Appl. Opt. 41, 2705–2714
(2002).
4. Werdell, P. J. et al. An overview of approaches and challenges for retrieving
marine inherent optical properties from ocean color remote sensing. Progress.
Oceanogr. 160, 186–212 (2018).
5. Antoine, D., Morel, A., Gordon, H. R., Banzon, V. F. & Evans, R. H. Bridging
ocean color observations of the 1980s and 2000s in search of long-term trends.
J. Geophys. Res. 110, C06009 (2005).
6. McClain, C. R. A decade of satellite ocean color observations. Ann. Rev. Mar.
Sci. 1, 19–42 (2009).
7. Gregg, W. W. & Rousseaux, C. S. Decadal trends in global pelagic ocean
chlorophyll: A new assessment integrating multiple satellites, in situ data, and
models. J. Geophys. Res. Oceans 119, 5921–5933 (2014).
8. Behrenfeld, M. J. et al. Climate-driven trends in comtemporary ocean
productivity. Nature 444, 752–755 (2006).
9. Steinacher, M. et al. Projected 21st century decrease in marine productivity: a
multi-model analysis. Biogeosci 7, 979–1005 (2010).
10. Taucher, J. & Oschlies, A. Can we predict the direction of marine primary
production change under global warming? Geophys. Res. Lett. 38, LO2603
(2011).
11. Bopp, L., Aumont, O., Cadule, P., Alvain, S. & Gehlen, M. Response of
diatoms distribution to global warming and potential implications: a global
model study. Geophys. Res. Lett. 32, L19606 (2005).
12. Bopp, L. et al. Multiple stressors of ocean ecosystems in the 21st century:
projections with CMIP5 models. Biogeosci 10, 6225–6245 (2013).
13. Dutkiewicz, S., Scott, J. R. & Follows, M. J. Winners and losers: ecological and
biogeochemical changes in a warming ocean. Glob. Biogeochem. Cycles 27,
463–477 (2013).
14. Dutkiewicz, S. et al. Impact of ocean acidiﬁcation on the structure of future
phytoplankton communities Nat. Clim. Change 5, 1002–1006 (2015).
15. Henson, S. A. et al. Detection of anthropogenic climate change in satellite
records of ocean chlorophyll and productivity. Biogeosciences 7, 621–640
(2010).
16. Henson, S., Beaulieu, C. & Lampitt, R. Observing climate change trends in
ocean biogeochemistry: when and where. Glob. Change Biol. 22, 1561–1571
(2016).
17. Dutkiewicz, S. et al. Capturing optically important constituents and properties
in a marine biogeochemical and ecosystem model. Biogeosci 12, 4447–4481
(2015).
18. Dutkiewicz, S., Ward, B. A. & Scott, J. & Follows, M. J. Understanding
predicted shifts in diazotroph biogeography using resource competition
theory. Biogeosci 11, 5445–5461 (2014).
19. Dutkiewicz, S., Hickman, A. E. & Jahn., O. Modelling ocean colour derived
Chlorophyll-a. Biogeosci 15, 613–630 (2018).
20. Werdell, P. J., Franz, B. A., Leﬂer, J. T., Robinson, W. D. & Boss, E. Retrieving
marine inherent optical properties from satellites using temperature and
salinity dependent backscattering by seawater. Optics Express 21,
32611–32622 (2013).
21. Morel, A. Optical modeling of the upper ocean in relation to its biogenous
matter content (Case I Waters). J. Geophys. Res. 93, 10749–10768 (1988).
22. Morel, A. Are the empirical laws describing the bio-optical properties of Case
1 waters consistent and internally compatible? J. Geophys. Res. 114, C01016
(2009).
23. Melin, F., Sclep, G., Jackson, T. & Sathyendranath, S. Uncertainty estimates of
remote sensing reﬂectance derived from comparison with ocean color satellite
data sets. Remote Sens. Environ. 177, 107–124 (2016).
24. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change (eds. Stoker, T. F. et al.) (Cambridge University Press,
Cambridge and New York, 2014).
25. Sokolov et al. Probabilistic forecast for 21st century climate based on
uncertainties in emissions (without policy) and climate parameters. J. Clim.
22, 5175–5204 (2009).
26. Behrenfeld, M. J. et al. Revaluating ocean warming impacts on global
phytoplankton. Nat. Clim. Change 6, 3223–3330 (2016).
27. Geider, R. J., MacIntyre, H. L. & Kana, T. M. A dynamic regulatory model of
photoacclimation to light, nutrient and temperature. Limnol. Oceanogr. 43,
679–694 (1998).
28. Marinov, I., Doney, S. C. & Lima, I. D. Response of ocean phytoplankton
community structure to climate change over the 21st century: partitioning
the effect of nutrients, temperature and light. Biogeosci 7, 3941–3959
(2010).
29. Bray, J. R. & Curtis, J. T. An ordination of upland forest communities of
southern Wisconsin. Ecol. Monogr. 27, 325–349 (1957).
30. CIE. Commission Internationale de l’Éclairage (CIE) Proceedings, 1931
(Cambridge University Press, Cambridge, 1932).
31. Kirk, J. T. O. Light and Photosynthesis in Aquatic Ecosystems. Third edition,
662 (Cambridge University Press, New York, NY USA, 2011).
32. Miller & Moran Interaction of photochemical and microbial processes in the
degradation of refractory dissolved organic matter from a coastal marine
environment. Limnol. Oceanogr. 42, 1317–1324 (1997).
33. Keller, K. M., Joos, F. & Raible, C. C. Time of emergence of trends in ocean
biogeochemistry. Biogeosciences 11, 3647–3659 (2014).
34. Hawkins, E. & Sutton, L. Time of emergence of climate signals. Geophys. Res.
Lett. 39, L01702 (2012).
35. Henson, S. et al. Rapid emergence of climate change in environmental drivers
of marine ecosystems. Nat. Commun. 8, 471 (2017).
36. Stramski, D., Bricaud, A. & Morel, A. Modeling the inherent optical properties
of the ocean based on the detailed composition of the planktonic community.
Appl. Opt. 40, 2929–2945 (2001).
37. Sathyendranath, S., Lazzara, L. & Prieur, L. Variations in the spectral values
of speciﬁc absorption of phytoplankton. Limmol. Oceanogr. 32, 403–415
(1987).
38. Ahn, Y. H., Bricaud, A. & Morel, A. Light Backscattering efﬁciency and related
properties of some phytoplanktoners. Deep-Sea Res 39, 1835–1855 (1992).
39. Werdell, P. J., Roesler, C. S. & Goes, J. I. Discrimination of phytoplankton
functional groups using an ocean reﬂectance inversion model. Appl. Opt. 53,
4833–4849 (2014).
40. Wolanin, A., Soppa, M. A. & Bracher, A. Investigation of spectral band
requirements for improving retrievals of phytoplankton functional types.
Remote Sens. 8, 871 (2016).
41. Hu, C., Lee, Z. & Franz, B. Chlorophyll a algorithms for oligotrophic oceans: a
novel approach based on three-band reﬂectance difference. J. Geophys. Res.
117, C01011 (2012).
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08457-x
12 NATURE COMMUNICATIONS |          (2019) 10:578 | https://doi.org/10.1038/s41467-019-08457-x | www.nature.com/naturecommunications
42. Hieronymi, M., Müller, D., & Doerffer, R. The OLCI Neural Network Swarm
(ONNS): a bio-geo-optical algorithm for open ocean and coastal waters.
Front. Marine Sci. 4, 140 (2017).
43. Gregg, W. W., & Rousseaux, C. S. Simulating PACE global ocean radiances.
Front. Marine Sci. 4, 60 (2017).
44. Fujii, M., Boss, E. & Chai, F. The value of adding optics to ecosystem models: a
case study. Biogeosciences 4, 817–835 (2007).
45. Baird, M. E. et al. Remote-sensing reﬂectance and true colour produced by a
coupled hydrodynamic, optical, sediment, biogeochemical model of the Great
Barrier Reef, Australia: Comparison with satellite data. Environ. Model. Softw.
78, 79–96 (2016).
46. IOCCG. IOCCG Report 15: Phytoplankton Functional Types from Space (ed.
Sathyendranath, S.) 156 pp. (International Ocean-Colour Coordinating
Group, Dartmouth, Nova Scotia, 2014).
47. Bracher, A. et al. Obtaining phytoplankton diversity from ocean color: a
scientiﬁc roadmap for future development. Front. Marine Sci. 4, 55 (2017).
48. Lee, Z.-P., Carter, K., Arnon, R. & He, M. Determination of primary spectral
bands for remote sensing of aquatic environments. Sensors 7, 3428–2441
(2007).
49. Dutkiewicz, S., Sokolov, A., Scott, J. & Stone, P. A Three-Dimensional Ocean-
Seaice-Carbon Cycle Model and its Coupling to a Two-Dimensional
Atmospheric Model: Uses in Climate Change Studies. Report 122, Joint
Program of the Science and Policy of Global Change (M.I.T., Cambridge, MA,
2005).
50. Sokolov, A. P. et al. The MIT Integrated Global System Model (IGSM) Version 2:
Model Description and Baseline Evaluation. Report 124, Joint Program of the
Science and Policy of Global Change (M.I.T., Cambridge, MA, 2005).
51. Reilly, J. et al. Valuing climate impacts in integrated assessment models: the
MIT IGSM. Clim. Change 117, 561–573 (2013).
52. Monier, E., Scott, J. R., Sokolov, A. P., Forest, C. E. & Schlosser, C. A. An
integrated assessment modeling framework for uncertainty studies in global
and regional climate change: the MIT IGSM-CAM (version 1.0). Geosci.
Model Dev. 6, 2063–2085 (2013).
53. Monier, E. et al. Toward a consistent modeling framework to assess multi-
sectoral climate impacts. Nat. Commun. 9, 660 (2018).
54. Aas, E. Two-stream irradiance model for deep waters. Appl. Opt. 26,
2095–2101 (1987).
55. Ackleson, S. G., Balch, W. M. & Holligan, P. M., Response of water-leaving
radiance to particulate calcite and chlorophyll a concentrations: a model for
Gulf of Maine coccolithophore blooms. J. Geophys. Res. 99, 7483–7499 (1994).
56. Gregg, W. W. A coupled ocean-atmosphere radiative model for global ocean
biogeochemical model. NASA Technical Report Series on Global Modeling and
Data Assimilation, Vol. 22 (NASA/TM-2002-104606, 2002).
57. Gregg, W. W. & Casey, N. W. Skill assessment of a spectral ocean-atmosphere
radiative model. J. Mar. Sys. 76, 49–63 (2009).
58. Marshall, J., Adcroft, A., Hill, C. N., Perelman, L. & Heisey, C. A ﬁnite-
volume, incompressible Navier–Stokes model for studies of the ocean on
parallel computers. J. Geophys. Res. 102, 5753–5766 (1997).
59. Luo, C. et al. Combustion iron distribution and deposition. Global
Biogeochem. Cycle 22, GB1012 (2008).
60. Morel, A., Antoine, D. & Gentili, B. Bidirectional reﬂectance of oceanic
waters: accounting for Raman emission and varying particle scattering phase
function. Appl. Opt. 41, 6289–6306 (2002).
61. Voss, K. J., Morel, A. & Antoine, D. Detailed validation of the bidirectional
effect in various Case 1 waters for application to ocean color imagery.
Biogeosciences 4, 781–789 (2007).
62. Lee, Z. P., Carder, K. L. & Arnone, R. Derived inherent optical properties from
water color: a multi-band quasi-analytical algorithm for optically deep waters.
Appl. Opt. 43, 4957–4964 (2002).
63. Werdell, P. J. & Bailey, S. W. An improved in situ bio-optical data set for
ocean color algorithm development and satellite data product validation.
Remote Sens. Environ. 98, 122–140 (2005).
64. Hammond, M. L., Beaulieu, C., Henson, S. A. & Sahu, S. K. Assessing the
presence of discontinuities in the ocean color satellite record and their effects
on chlorophyll trends and their uncertainties. Geoph. Res. Let. 45, 7654–7662
(2018).
65. Van der Woerd, J. & Wernard, M. R. True colour classiﬁcation of natural
waters with medium-spectral resolution satellites: SeaWiFS, MODIS, MERIS,
and OCLI. Sensors 15, 25663–25690 (2015).
66. Wei, W. W. S. Time Series Analysis – Univariate and Multivariate Methods.
(Addison-Wesley, New York, 1990).
67. Beaulieu, C. et al. Factors challenging our ability to detect long-term trends in
ocean chlorophyll. Biogeosciences 10, 2711–2724 (2013).
68. R Core Team. R: A Language and Environment for Statistical Computing.
(R Foundation for Statistical Computing, Vienna, 2013).
Acknowledgements
We are grateful to Marcel Wernand for the suggestion to consider the hue angle changes
in our model. S.D. and O.J. received funding from NASA (grant NNX16AR47G) and S.D.
and E.M. from DOE (grant DE-FG02–94ER61937). C.B. was supported by a Marie Curie
FP7 Reintegration Grants within the Seventh European Community Framework (project
631466—TROPHYZ).
Author contributions
S.D., A.H., S.H., C.B. co-wrote the paper, with input from all authors. S.D. conceived
the experimental design, conducted the biogeochemical/ecosystem/optical model
simulations, and performed most of the analysis. O.J. was responsible for the numerical
code and provided context for the optical diagnostics. E.M. conducted the Earth System
Model simulations that provided the ocean physical ﬁelds to drive the ecosystem model.
C.B. provided expertise on, and code for, the statistical calculations.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08457-x.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08457-x ARTICLE
NATURE COMMUNICATIONS |          (2019) 10:578 | https://doi.org/10.1038/s41467-019-08457-x | www.nature.com/naturecommunications 13
